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Abstract 
Early human brain development constitutes a sequence of intricate processes resulting in the 
ontogeny of functionally operative neural circuits. Developmental trajectories of early brain 
network formation are genetically programmed and can be modified by epigenetic and 
environmental influences. Such alterations may exert profound effects on neurodevelopment, 
potentially persisting throughout the lifespan. This review focuses on the critical period of 
fetal and early postnatal brain development. Here we collate findings from neuroimaging 
studies, with a particular focus on functional MRI research that interrogated early brain 
network development in both health and high-risk or disease states. First, we will provide an 
overview of the developmental processes that take place from the embryonic period through 
early infancy in order to contextualize brain network formation. Second, functional brain 
network development in the typically developing brain will be discussed. Third, we will touch 
on prenatal and perinatal risk factors that may interfere with the trajectories of functional 
brain wiring, including prenatal substance exposure, maternal mental illness and preterm 
birth. Collectively, studies have revealed the blueprint of adult human brain organization to be 
 present in the neonatal brain. Distinct attributes of human brain architecture have even been 
detected in the developing fetal brain from as early as 24 postconceptional weeks. During 
postnatal brain development, the brain's wiring pattern is further sculpted and modulated to 
become the full facsimile of the adult human brain, with functional brain network refinement 
being more rigorous than structural brain network maturation. Advances in neuroimaging 
techniques have paved the way towards a comprehensive understanding of the maturational 
pathways of brain network development and of how early developmental adversity may affect 
these trajectories. Such insights are fundamental for our understanding of human brain 
functioning, for early identification of infants at risk, as well as for future neuroprotective 
strategies. 
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Introduction 
The human brain is arguably the most complex system in biology and yet its macroscopic 
layout is nearly complete by the time of term birth. The neonatal cerebral cortex displays a 
complex, adult-like gyrification pattern and in the underlying white matter all large-scale 
connections are already in place (Ball et al., 2014; Lodygensky et al., 2010; Stiles and 
Jernigan, 2010; Takahashi et al., 2012; van den Heuvel et al., 2014). Historically, much of 
what we know about the intricate processes of early brain development came from post 
mortem studies in human fetuses, neonates, and non-human primates (Flechsig, 1920; 
Goldman-Rakic, 1987; Innocenti and Price, 2005; Kostovic, 2002; LaMantia and Rakic, 
1990). With the increasing availability of high-quality neuroimaging techniques, including 
anatomical sequences customized to the developing neonatal and fetal brain, diffusion 
weighted imaging (DWI) and functional MRI, as well as electrophysiology recordings 
 including electroencephalography (EEG), it has now become feasible to study early human 
brain development in unprecedented detail in vivo (Ball et al., 2014; Counsell et al., 2007; 
Fransson et al., 2007; Huppi et al., 1998; Maas et al., 2004; Omidvarnia et al., 2014; Partridge 
et al., 2004; Smyser et al., 2001; Thomason et al., 2013; Toulmin et al., 2015; van den Heuvel 
et al., 2014). These advances have led to exciting new insights into both healthy and atypical 
macroscale brain network development and have paved the way to bridge the gap between the 
brain's neurobiological architecture and its behavioral repertoire. Such cross-correlation 
studies are invaluable for improving our understanding of how and when neural circuit 
establishment supports cognitive function and increasingly complex behavior.   
 Given that many psychiatric and neurological disorders may have a 
neurodevelopmental origin, mapping the brain's anatomical and functional trajectories is 
crucial for early identification of altered development (Gao et al., 2016). These disturbances 
in brain development may be genetically programmed, epigenetically mediated or 
environmentally influenced and early detection may provide a window of opportunity for 
preventive strategies. 
 
The present review aims to consolidate recent findings from prenatal and neonatal brain 
network studies that have helped move the field forward, with a focus on the ontogeny of 
functional brain network architecture. Many techniques are currently available to study 
functional brain connectivity, including EEG, magnetoencephalography (MEG), functional 
near-infrared spectroscopy (NIRS), and task-related functional MRI (Arichi et al., 2013; 
Farroni et al., 2013; Omidvarnia et al., 2014) (see for review of the most commonly employed 
techniques (Lowe et al., 2016)); however this review will primarily address resting state 
functional connectivity studies. Resting state functional MRI (rs-fMRI) employs spontaneous 
fluctuations in blood oxygen level dependent (BOLD) signal at low frequencies (0.01-0.1 Hz) 
 across the entire brain at a millimeters' resolution. Brain regions are considered functionally 
connected if they display synchronous activity, i.e. if their temporal fluctuations in BOLD 
signal are highly correlated (Biswal et al., 1995).  
 The first section of this review comprises a general overview of the major processes 
delineating prenatal and early postnatal brain development in order to provide a conceptual 
framework to build on. Developmental processes are compared against MRI and EEG 
correlates as illustrated in Figure 1. The second section represents a summary of functional 
connectivity studies examining healthy early development of functional brain network 
architecture. In the third section, we will discuss neuroimaging findings of deviating brain 
network development that occurs as a result of identifiable risk, including prenatal exposure 
to substances, maternal mental illness and preterm birth. Fourth, we will touch on important 
methodological considerations that specifically apply to imaging fetal and infant populations. 
Finally, we will present our conclusions based on the collated findings and discuss the 
remaining gaps that deserve attention for future research. 
 
Developmental processes underlying early brain network formation 
Embryonic and early fetal period 
The human brain comprises 86 billion neurons and an even more staggering number of 
synapses, dendrites, axons and glia cells connecting and supporting them (Azevedo et al., 
2009). The vast majority of these cells are formed during prenatal development (Webb et al., 
2001). The brain originates from the anterior portion of the neural tube (Bystron et al., 2008; 
Gilbert, 2000). Following neurulation (i.e. closure of the neural tube), which starts at 
embryonic day 21 and is finished by day 27 (Bystron et al., 2008; Stiles and Jernigan, 2010), 
the precursor of the human brain rapidly expands and undergoes a series of processes 
including proliferation, neurogenesis and differentiation, orchestrated by an intricate genetic 
 program (Bystron et al., 2008; Stiles and Jernigan, 2010; Webb et al., 2001). By mid-gestation 
neurogenesis is largely complete (Stiles and Jernigan, 2010) and during this phase, i.e. 
between the third and fifth month of gestation, neuronal migration peaks with the first 
neurons appearing in the cortical plate by 15 postconceptional weeks (PCW) (Bystron et al., 
2008; Webb et al., 2001) (Figure 1). Once neurons have reached their destination in the 
cortical plate, they start extending axons and dendrites (Webb et al., 2001). Early afferent 
fibers appear from as early as 8-10 PCW forming the cerebral stalk at the level of the 
thalamus (Vasung et al., 2010). High field DWI studies have demonstrated the emergence of 
projection- and commissural fibers, including the internal capsule and corpus callosum from 
as early as 13 and 15 PCW respectively (Huang et al., 2009; Takahashi et al., 2012) (Figure 
2).  
 
Midfetal period 
The second trimester of pregnancy is characterized by exuberant synaptogenesis, dendritic 
sprouting and axonal path finding and thus by neural circuit formation, thereby setting the 
stage for functional communication (Webb et al., 2001). Thalamocortical and cortico-
thalamic fibers form transient circuits with subplate neurons before growing into the 
developing cortex and thalamus respectively (Kostovic and Jovanov-Milosevic, 2006; Volpe, 
2009). The subplate is located below the cortical plate and serves as a 'waiting' compartment 
for afferent fibers. During the waiting period, which lasts approximately four weeks, afferents 
receive instructive input and start projecting onto their cortical targets. Concurrently, the 
corpus callosum extends in an anterior to posterior fashion (Huang et al., 2009, 2006), first 
synapsing on neurons in the transient subplate zone before establishing its definitive 
connections in the cortical plate (Kostovic and Jovanov-Milosevic, 2006; Volpe, 2009). Once 
thalamocortical connections are established, which has been noted to occur between 24-32 
 PCW (Figure 2), sensory stimuli including visual and auditory input can reach the developing 
cortex (Kostovic and Jovanov-Milosevic, 2006). The formation of transient thalamocortical-
subplate circuits has been linked to the emergence of spontaneous activity transients (SATs) 
on electroencephalography recordings in extremely preterm infants (Kostovic and Jovanov-
Milosevic, 2006; Vanhatalo and Kaila, 2006). SATs are endogenous bursts of neuronal 
activity, which are either autonomously generated in the cortex, or in response to input from 
the subplate and are thought to drive neural circuit formation before sensory stimuli come 
online (Tolonen et al., 2007; Vanhatalo and Kaila, 2006). Conversely, sensory driven activity 
is thought to be reflected in ongoing cortical activity, which gradually increases with 
advancing postconceptional age and reaches fully continuous levels by 45-50 PCW (Tolonen 
et al., 2007; Vanhatalo and Kaila, 2006) (Figure 1). 
 
Late fetal period 
In the third trimester thalamocortical connections are consolidated, while commissural and 
long-range association fibers including the corpus callosum, fronto-occipital fasciculus and 
inferior longitudinal fasciculus leave the subplate to extend into the cortical plate (Kostovic 
and Jovanov-Milosevic, 2006). The notion that thalamocortical connectivity is established by 
the time of birth was recently illustrated in a rs-fMRI study, showing a high level of overlap 
between the distribution of thalamocortical projections in the thalamus in the neonatal brain 
and their topographical organization in the adult human brain (Toulmin et al., 2015). While 
axons continue to grow, facilitating major connections in the white matter to find their 
cortical targets, the overlying cortex transforms its relatively smooth surface into a highly 
convoluted mantle with secondary and tertiary sulci that resembles the adult human brain 
(Stiles and Jernigan, 2010; Striedter et al., 2014). MRI studies in preterm infants have 
reported a five-fold increase in cortical surface area and doubling of cortical curvature 
 measures in the timeframe that coincides with the third trimester of pregnancy (Ajayi-Obe et 
al., 2000; Dubois et al., 2008; Kapellou et al., 2006; Moeskops et al., 2015).  
 Concomitantly, a number of processes take place that extend well into the postnatal 
period, including myelination, synaptogenesis and the formation of dendrites and associated 
dendritic spines. Myelination emerges as a result of maturation of oligodendrocytes in the 
white matter and progresses in a caudal to rostral, central to peripheral, and posterior to 
anterior fashion with brain areas involved in primary functions myelinating before association 
areas (Catani et al., 2013; Kinney et al., 1988; Webb et al., 2001; Welker and Patton, 2012). 
Mature oligodendrocytes produce myelin, forming fatty sheaths around developing axons, 
thereby vigorously enhancing conduction speed. White matter maturation, including axonal 
growth, increasing axonal coherence and myelination can be clearly delineated using DWI 
(Braga et al., 2015; Geng et al., 2012; Hagmann et al., 2010; Huppi et al., 1998; Partridge et 
al., 2004; Sadeghi et al., 2013).  
 
Postnatal brain development 
With all major white matter tracts being in place by the end of normal gestation, it is not 
surprising that structural connectome studies - examining whole brain connectivity on a 
macroscopic level (Box 1) - have revealed structural network organization in the neonatal 
brain to show great similarity to the adult human brain (Ball et al., 2014; Brown et al., 2014; 
Ratnarajah et al., 2013; Shi et al., 2012; Tymofiyeva et al., 2012; van den Heuvel et al., 2014; 
Yap et al., 2011). Key features of adult connectome architecture have been demonstrated in 
the neonatal brain, including a small world organization - combining local specialization with 
long-range efficiency -, a modular topology - meaning that the network constitutes smaller 
subnetworks for specialized information processing -, and a heavy tailed degree distribution 
with brain regions which show the highest number of connections forming a central core or 
 ‘rich club’ (Box 1). A number of these studies included preterm subjects and preterm birth is 
known to impact on brain development, with potentially detrimental effects on brain network 
architecture, which will be discussed in the third section of this review. However, alterations 
in the global framework of brain wiring have not been observed and are unlikely in the 
absence of major brain lesions (Bütefisch, 2004). The adverse effects of preterm birth have 
predominantly been noted to affect the quality of connections rather than their overall layout 
(Ball et al., 2015, 2014, 2013; Doria et al., 2010a; Scheinost et al., 2015; Smyser et al., 2010; 
Toulmin et al., 2015). 
 Whilst macroscale white matter connections have been established and long-range 
inter- and intrahemispheric projections are no longer formed in the early postnatal brain, 
short-range cortico-cortical connections continue to develop and have been traced through the 
fourth month after birth (Burkhalter, 1993). The postnatal period is further marked by 
refinement of existing intracortical connections, ongoing dendriting arborization and an 
explosive increase in synaptogenesis, eventually resulting in an abundance of connections 
(Huttenlocher and Courten de, 1987; Huttenlocher and Dabholkar, 1997; Innocenti and Price, 
2005; Kostovic and Jovanov-Milosevic, 2006; Stiles and Jernigan, 2010). Overproduction of 
synapses and associated dendrites and axons is observed across all mammalian species and is 
followed by pruning (i.e. selective elimination of connections) (Bianchi et al., 2013; Innocenti 
and Price, 2005). The latter process spans childhood and adolescence and occurs as a result of 
competition for neurotrophic factors including brain-derived neurotropic factor (BDNF) and 
the need for afferent input to stabilize immature, labile connections (Hua and Smith, 2004; 
Innocenti and Price, 2005; Stiles and Jernigan, 2010; Webb et al., 2001). 
 A number of DWI studies have evaluated postnatal structural brain network 
development (Hagmann et al., 2012, 2010; Huang et al., 2013; Tymofiyeva et al., 2013; Yap 
et al., 2011) and demonstrated increasing integration and decreasing segregation (or 
 clustering, Box 1) as hallmark features of childhood connectome maturation. Similarly, 
modules become increasingly interconnected and are further shaped, especially in the earliest 
postnatal years (Hagmann et al., 2010; Huang et al., 2013). Yet, major reorganization of their 
configuration has not been observed (Hagmann et al., 2010). Consistent with the persistence 
of the modular configuration in the developing postnatal brain, the localization of hub nodes 
(i.e. brain regions that take up a central position in the network) has been noted to remain 
largely stable (Hagmann et al., 2012; Huang et al., 2013).  
 Although present-day findings of neuroimaging in vivo cannot be directly translated to 
microscopic neural circuit development, not least because of the substantial gap in spatial 
scale on which macro- and microscale brain network development take place, there are 
considerable similarities in the biological principles that both systems seem to adhere to 
(Scholtens et al., 2014; van den Heuvel et al., 2014). Myelination and increases in axonal 
diameter of white matter connections promote efficiency of axonal information transfer and 
may therefore be reflected in increasing integration capacity of the macroscale connectome. 
Decreasing clustering may be the macroscopic representation of pruning, leading to 
modulation of the network from a relatively 'random' topology to a specialized organization, 
maintaining and stabilizing meaningful connections. 
 
Functional network development 
The past decade has witnessed a rapid surge of interest in rs-fMRI as an imaging technique to 
investigate functional connectivity in the earliest stages of human development. The first 
paper on the presence of functional brain networks in the neonatal brain was published in 
2007 (Fransson et al., 2007) and a number of research groups have now committed to the 
challenging task of functional imaging in utero (Ferrazzi et al., 2014; Schöpf et al., 2012; 
Seshamani et al., 2014; Thomason et al., 2013). Collectively, these efforts have led to exciting 
 insights into functional brain network architecture in the earliest phases following its 
emergence. As such, these findings have furthered our understanding of functional network 
development in the typically developing brain and may prove invaluable for early 
identification of infants at risk of neurodevelopmental disorders. In what follows, we will 
collate findings from functional connectivity studies during healthy fetal and neonatal brain 
development. 
 
Interhemispheric connectivity has been investigated in the fetal brain from as early as 24 
PCW and has been noted to increase with advancing gestational age, following a medial to 
lateral trajectory (Thomason et al., 2013). Similarly, long-range thalamocortical and 
intrahemispheric connectivity are also strengthened with increasing fetal age (24-39 PCW) 
(Thomason et al., 2015) (Figure 1).  
 Fetal imaging is challenging due to motion of the fetus and surrounding tissues 
because of maternal respiration, requiring specific acquisition and analysis frameworks for 
this population (Ferrazzi et al., 2014; Seshamani et al., 2014). Furthermore, image resolution 
and signal-to-noise ratio are frequently reduced compared to that acquired in postnatal fMRI. 
Collectively, these differences impact the comparability of fetal and infant studies and are 
therefore relevant for their interpretation, which will be further elaborated in the final section 
of this review. 
 A number of studies have focused on the emergence of resting-state networks in 
fetuses and newborn infants (Alcauter et al., 2015a; Arichi et al., 2010; Fransson et al., 2009, 
2007, Gao et al., 2014a, 2014b, 2013, 2009; Lin et al., 2008; Schöpf et al., 2012; Smyser et 
al., 2010; Thomason et al., 2015). In healthy adults, a distinct set of resting-state networks has 
been described encompassing brain regions involved in primary functions (i.e. sensorimotor, 
auditory and visual processing network), and higher-order functions including self-awareness, 
 memory, attention and executive functioning (Damoiseaux et al., 2006; Smith et al., 2009). 
Networks engaged in complex cognitive functioning are spatially distributed across the 
cortex, typically spanning multiple brain regions. In contrast, resting state networks governing 
primary functions tend to be more localized with their functional connections mainly limited 
to homologous counterparts (Damoiseaux et al., 2006; Fox et al., 2005; Raichle et al., 2001; 
Smith et al., 2009).  
 Comparable functional network architecture has been revealed in the neonatal brain, 
albeit in an immature state (Doria et al., 2010a; Fransson et al., 2009; Gao et al., 2014a, 
2014b, 2013, 2009; Lin et al., 2008; Smyser et al., 2010) (Figure 3). Primary networks can be 
clearly depicted in newborn infants and display a mature configuration whilst higher-order 
networks are largely fragmented (Doria et al., 2010a; Fransson et al., 2009; Gao et al., 2014a, 
2014b; Smyser et al., 2010). These higher order networks are merely restricted to their core 
regions in the newborn brain, exhibiting relatively limited functional connections with 
spatially distant homologues. The default mode network for instance - that has been 
associated with self-awareness, future planning, mind wandering and conceiving the 
perspectives of others ('theory of mind') in healthy adult brain functioning -, extends the 
posterior cingulate cortex, ventral and dorsal medial prefrontal cortex, inferior parietal lobule, 
lateral temporal cortex and the hippocampus regions in the adult human brain (Buckner et al., 
2008; Buckner and Carroll, 2007; Raichle et al., 2001). In neonates, the default mode network 
is immature and incomplete, encompassing frontal and association cortices including the 
medial prefrontal cortex and posterior cingulate cortex (Doria et al., 2010a; Gao et al., 2014a, 
2009; Smyser et al., 2010) (Figure 4). A fragmented precursor of the default mode network, 
comprising the medial prefrontal cortex and posterior cingulate cortex, was recently also 
identified in the developing fetal brain from 35 PCW (Thomason et al., 2015).  
  In line with the primary-to-higher-order maturational sequence of functional networks, 
immature forms of the sensorimotor, visual and auditory network have been detected from an 
earlier gestational age, i.e. approximately 30 PCW in healthy fetuses (n=32) (Thomason et al., 
2015). A recent study elegantly mapped the maturational trajectories of resting state networks 
in the first postnatal year at three-month intervals in 65 typically developing infants (Gao et 
al., 2014a). The sensorimotor network, visual processing network and auditory/language 
network demonstrated adult-like topology at birth and showed minimal topological changes 
during the first postnatal year. The dorsal attention network and default mode network 
followed the development of primary networks and became increasingly synchronized with 
spatially remote within-network brain regions, exhibiting mature topology at one year of age. 
Higher order cognitive networks, including the salience network and bilateral frontoparietal 
networks - involved in executive control, decision-making and working memory - were noted 
to mature latest and still displayed an incomplete configuration at the end of the first postnatal 
year (Gao et al., 2014a, 2014b).  
  
Interestingly, not only does the maturational sequence of functional resting state networks 
mimic the developmental pattern of myelination and synaptogenesis, it also parallels the order 
in which behavioral functions are achieved. Developmental milestones in visual and 
sensorimotor function are most prominent in the first postnatal year, when their corresponding 
functional brain networks are complete (Adams et al., 2004; WHO Multicentre Growth 
Reference Study Group, 2006). Conversely, higher order cognitive functions such as 
executive control and social cognition develop well into adolescence and early adulthood 
(Casey et al., 2000). Their associated brain networks become operational last. 
 
Functional connectivity and behavioral counterparts 
 Although the developmental trajectories of resting state networks and neurodevelopmental 
milestones display remarkable similarities, cross-correlation studies linking findings on 
functional networks to behavioral measures during early development are sparse (Alcauter et 
al., 2015b, 2014). A longitudinal study assessing functional brain network development and 
their cognitive correlates in 74 infants found functional connectivity between the thalamus 
and the immature salience network at age one year to be associated with working memory 
performance at age two (Alcauter et al., 2014).  
 Much of our present-day knowledge about brain-behavior relationships shortly after 
birth comes from task-based fMRI studies (Allievi et al., 2016; Anderson et al., 2001; Arichi 
et al., 2013, 2012, 2010; Born et al., 1996; Dehaene-Lambertz et al., 2010, 2006, 2002; 
Erberich et al., 2006; Heep et al., 2009; Konishi et al., 2002; Morita et al., 2000). These 
studies have provided important background on the brain's responses to sensory input during 
the earliest phases of development of brain-behavior interactions. Adult-like activation 
patterns were observed in response to a variety of sensory stimuli, including tactile and 
proprioceptive stimulation (passive hand movement) (Arichi et al., 2012, 2010; Erberich et 
al., 2006), auditory (Anderson et al., 2001), olfactory (the odor of infant formula) (Arichi et 
al., 2013) and visual input. fMRI studies in two- to three-month-old infants demonstrated left-
lateralized activation of perisylvian regions including the superior temporal gyrus, angular 
gyrus and Broca's area in response to native-language speech (Dehaene-Lambertz et al., 2006, 
2002). The response followed a hierarchical pattern, with auditory regions being activated 
first, followed by superior temporal regions and the temporal poles and Broca's area in the 
inferior frontal cortex; a pattern that is highly consistent with language organization in the 
mature brain. Excitingly, the infant brain seemed capable of distinguishing speech from music 
and exhibited signs of early learning. Music induced activation of bilateral auditory areas 
(posterior temporal regions), while speech showed a left-hemispheric preference. 
 Furthermore, listening to the mother's voice resulted in differently modulated responses in 
both language and emotion areas than when infants were exposed to a stranger's voice 
(Dehaene-Lambertz et al., 2010). 
 Together, these findings point towards the early existence of functionally operable 
brain networks that are genetically dictated and sculpted by environmental input and learning. 
The observation of brain activity in language areas including Broca's area well before the 
onset of produced speech, further underscores the complex interplay between brain and 
behavior during development, which is continuously modified by environmental and 
(epi)genetic influences. Further studies are required to improve our understanding of these 
brain-behavior relationships. 
 
Functional connectome 
A number of reports described functional network architecture in neonates on a whole-brain 
level (De Asis-Cruz et al., 2015; Fransson et al., 2011; Gao et al., 2011). In line with network 
attributes of the neonatal structural connectome and adult human brain organization, 
functional brain networks in newborn infants exhibit small-world topology, a modular 
organization and a heavy-tailed degree distribution with functional hubs (Box 1). A recent 
MRI study in the developing preterm brain observed substantial overlap between structural 
and functional brain network organization in 17 neonates (van den Heuvel et al., 2014). Given 
the small sample size and that preterm infants are at considerable risk of neurodevelopmental 
deficits, further studies are required that extend these investigations to the healthy term-born 
infant brain.  
 Differences between neonates and adults have also been noted. Functional hubs were 
found to be predominantly confined to brain regions supporting primary functions (e.g. 
sensorimotor and visual cortex) and only a few hubs have been observed in association 
 cortices including the insula and posterior cingulate cortex (De Asis-Cruz et al., 2015; 
Fransson et al., 2011; Gao et al., 2011). Notably, the configuration of functional brain hubs as 
observed in the neonatal brain is highly consistent with the outline of resting state networks 
during this period.  
 Whole-brain network topology has also been examined in the prenatal period, with a 
focus on modularity. In a pioneering study including 33 pregnant women, fetal brain network 
architecture demonstrated a modular decomposition, which was more pronounced in younger 
fetuses (24-31 PCW) compared with older fetuses (31-39 PCW). These findings suggest 
functional brain wiring to become increasingly integrated during prenatal development 
(Thomason et al., 2014). 
 
Electrophysiological connectivity 
Brain activity, which can be measured using EEG is considered crucial for consolidation of 
immature neural circuits and therefore plays a pivotal role in early brain network formation. A 
number of studies have explored functional connectivity patterns of early electrical brain 
activity as extracted from EEG recordings. The neonatal brain displayed a marked bimodal 
connectivity pattern, characterized by strong functional coupling of spatially remote brain 
regions during periods of high levels of brain activity (mostly reflecting SATs) and minimal 
functional synchrony during periods of relative quiescence (low amplitude bands). This 
bimodality is thought to govern early functional brain wiring and diminishes with advancing 
postnatal age, when young neurons mature and endogenous brain activity (SATs) is 
progressively replaced by sensory driven oscillations (ongoing cortical activity) (Omidvarnia 
et al., 2014). Other prominent features of neonatal brain activity encompass distinct 
differences between sleep states, well before the onset of mature sleep-wake EEG 
 representations and highly dynamic signature patterns of functional neural synchrony that 
mature rapidly during the first few postnatal weeks (Tokariev et al., 2015).  
 
In summary, the rapid and complex ontogeny of structural brain wiring during the second and 
third trimester of human gestation facilitates functional neural circuit establishment. The 
emergence of long-range projection, commissural and association fibers initiates the onset of 
thalamocortical, as well as inter- and intrahemispheric functional connectivity. These early 
functional connections are consolidated by SATs, which are crucial for survival and 
maturation of neurons shortly after their genesis. In line with the notion that early electrical 
brain activity is fundamental for the establishment of operational neural circuits, a recent 
study in 21 preterm infants revealed early endogenous brain activity as measured during the 
first three postnatal days to be positively related to brain growth between 30 and 40 
postmenstrual weeks. Strongest associations were demonstrated with deep gray matter 
structures (Benders et al., 2014). 
 Present-day neuroimaging studies have detected functional brain networks from as 
early as 26 PCW (Ferrazzi et al., 2014; Thomason et al., 2015). These networks follow a 
primary-to-higher order maturational sequence, consistent with their behavioral correlates. By 
the time of term birth, primary networks including the systems involved in visual, auditory 
and sensorimotor functioning are largely complete, while higher order networks display 
fragmented, immature connectivity patterns. The notion that the blueprint of functional brain 
network organization is present in the neonatal brain is emulated by whole-brain connectome 
findings, which have revealed adult-like network attributes including small-world 
organization, modularity and a rich club of high degree hub nodes, although this early 
connectome architecture is similarly immature. Crucial first steps have been taken toward 
improving our understanding of the cognitive and behavioral implications of early functional 
 brain wiring. Significant caveats remain that deserve attention from the field. Moreover, 
longitudinal studies are required to answer important questions regarding developmental 
trajectories of healthy functional network formation.  
 
Prenatal and perinatal risk factors affecting functional network development 
Risk factors for altered functional network development include environmental and epigenetic 
risk, such as prenatal drug exposure, maternal mental illness and preterm birth. Although 
these conditions and risk factors are of different origin, their common denominator is that 
they exert effects in the earliest stages of human brain development, potentially permanently 
altering the developmental pathways of neural circuit formation. Behavioral sequelae are 
observed across myriad domains, including academic achievement, executive functioning, 
attention, conduct and social-emotional skills from childhood throughout the lifespan. 
Connectivity studies have begun to take on the challenge of mapping developmental 
trajectories in the earliest phases of human life, when the brain is most plastic and modifiable, 
and are paving the way towards an understanding of how prenatal and perinatal risk alter 
these trajectories. In this section, we will provide an overview of the growing literature on the 
impact of identifiable risk on the formation of functional brain organization and touch on the 
mechanisms underlying these effects. 
 
Prenatal drug exposure 
Prenatal exposure to both licit and illicit substances is a major public health concern. In the 
US, prevalence estimates of illegal drug use during pregnancy vary between 4.4 - 5.1% 
(Behnke and Smith, 2013). Self-reported legal substance use is even more prevalent, with 
16.3% of pregnant women reporting cigarette smoking and 10.8% disclosing alcohol 
consumption (Behnke and Smith, 2013). Prenatal substance exposure may elicit teratogenic 
 effects in the embryonic stage. During fetal development, substances may affect the 
developing brain in a number of direct and indirect ways. Psychoactive drugs and nicotine 
target monoaminergic neurotransmitter systems, including dopamine, epinephrine and 
serotonin signaling, thereby modifying the intricate orchestration of neural circuit 
establishment. Other neural processes susceptible to substance exposure include neural 
proliferation and migration, axonal growth and dendritic branching. Fetal brain development 
may be indirectly affected by reduced oxygen and nutrient supply as a result of placental 
and/or umbilical vasoconstriction. Additionally, substance abuse is frequently associated with 
poor maternal health and nutrition, which may further compromise the developing fetus (Ross 
et al., 2015).   
 
Until recently, the impact of maternal substance use on early brain wiring - i.e. before 
significant environmental influences come into play - remained largely unexplored. Two 
studies investigated the effects of prenatal exposure to cocaine and marijuana on functional 
connectivity in the neonatal brain using a well-controlled design (Grewen, 2015; Salzwedel et 
al., 2016, 2015). In the first study, that evaluated 45 cocaine-exposed neonates with or 
without in utero exposure to other substances, including marijuana, opioids, alcohol, nicotine 
and serotonin reuptake inhibitors (SSRIs), 43 newborn infants exposed to the latter substances 
without cocaine and 64 drug-naive control infants, cocaine-specific alterations were observed 
in functional connectivity strength between the amygdala and medial prefrontal cortex and 
between the thalamus and anterior cortex regions (Salzwedel et al., 2016, 2015). The 
amygdala, insula and thalamus were preselected as regions of interest, because of their 
involvement in reward- and control systems, and because of high levels of dopamine 
expression in the thalamus. The second study was performed in a subset (n=63) of this 
sample, with a focus on marijuana. Marijuana exposure was associated with disrupted 
 connectivity of caudate and insula seed regions; brain structures that are known to display 
high expression levels of the type 1 cannabinoid receptor (Grewen, 2015). Furthermore, 
diffuse patterns of both hyper- and hypoconnectivity were observed between the insula, 
amygdala and thalamus seeds and widespread cortical areas including medial frontal cortices, 
sensorimotor regions and the medial visual cortex in the presence of unspecific prenatal drug 
exposure, as compared to unexposed neonates (Grewen, 2015; Salzwedel et al., 2016, 2015). 
 
Maternal mental illness 
Maternal mental health disorders may affect the establishment of neural circuits in the 
developing brain owing to maternal genetic risk factors, alterations in the intrauterine 
environment (e.g. increased cortisol levels or exposure to disease related medication) and 
environmental risk including low socio-economic status, poor nutrition and prenatal substance 
exposure. Confounding factors pose a particular challenge to disentangling hereditary 
susceptibility that may be conferred to the developing fetus in utero from environmental 
factors that may be versatile or that conversely may enhance risk.  
 Maternal depression (and related SSRI use) has been associated with disturbances in 
brain connectivity of newborn infants across a number of imaging modalities. A small rs-
fMRI study in six-month old infants (n=24) reported stronger functional connectivity of the 
amygdala seed region with distributed brain areas of the limbic system and medial prefrontal 
cortex when their mothers had reported more severe depressive symptoms during the second 
trimester of pregnancy. Details on maternal psychoactive drug use that may have influenced 
the observed effects were not reported (Qiu et al., 2015). A recent DWI study described 
widespread reductions in white matter microstructural maturation of predominantly 
corticofugal and corticothalamic projection fibers in 20 newborn infants of depressed mothers 
who had used SSRIs during pregnancy compared to healthy matched control infants. These 
 alterations were not observed in neonates born to depressed mothers who had not been 
exposed to SSRIs (Jha et al., 2016). Complementing this literature, a recent study reported 
both local and global changes in EEG recordings of 22 neonates prenatally exposed to SSRIs 
because of maternal mood- or anxiety disorder. These alterations persisted beyond the acute 
withdrawal period and were noted to be independent of the underlying maternal mental 
condition. Abnormalities included lower interhemispheric synchronicity and shorter interburst 
intervals (i.e. periods of relative rest in brain activity) during quiet sleep and lower cross-
frequency integration during active sleep, the latter indicating reduced coordination of 
oscillations from spatially linked neural networks (e.g. the subplate and cortex) (Videman et 
al., 2016).  
 Taken together, these findings suggest that SSRI use in pregnant women with mood 
disorders affects early brain wiring in the developing fetus, although evidence remains scarce 
and heterogeneous at present. The unique contribution of maternal depression to these 
perturbations remains poorly understood. Future research of longitudinal design is thus 
needed to determine whether maternal mood disorders and related drug therapy (SSRIs) have 
distinct neural substrates and to monitor if the observed deviances are persistent.   
 To our knowledge only one study has investigated the impact of maternal 
schizophrenia on neonatal brain network organization. The authors reported distributed 
changes in structural covariance networks of the cortex - based on synchronous variation in 
cortical morphology measures as derived from structural MRI - in 26 neonates born to 
mothers with schizophrenia or schizoaffective disorder, whereas the structural connectome of 
white matter connections was largely unaffected. Alterations in structural covariance were 
related to the brain's overall communication capacity, including reduced global efficiency, 
longer connection distance and less hub nodes and edges in high-risk infants (Shi et al., 2012). 
 To date, the influence of maternal schizophrenia on early-life functional connectivity remains 
to be elucidated. 
 
Preterm birth 
Preterm birth occurs at a developmental time when crucial processes of neural circuit 
formation are taking place, including synaptogenesis, axonal growth and late neuronal 
migration (Volpe, 2009). Besides the event of preterm birth itself posing substantial risk to the 
establishment of healthy and fully operational brain network organization, prematurity is 
frequently accompanied by postnatal illness that may amplify the detrimental effects on early 
brain wiring. Not surprisingly, preterm birth is associated with impaired brain development 
reflected in reduced brain volumes, diminished cortical gyrification and delayed maturation of 
gray and white matter structures (Ball et al., 2012; Keunen et al., 2012; Rathbone et al., 2011; 
Shimony et al., 2016; Volpe, 2009). These deficits are also present in the absence of focal 
brain injury and have been noted to persist through childhood (Counsell et al., 2008; Fischi-
gómez et al., 2015; Monson et al., 2016). Behavioral sequelae of these structural disturbances 
in brain development are observed across a wide spectrum of neurodevelopmental outcomes 
and include cognitive delay, working memory impairment, learning disabilities, executive 
functioning deficits, internalizing and externalizing behavioral problems and developmental 
psychopathology including autism and attention deficit hyperactivity disorder (Fischi-gómez 
et al., 2015; Johnson et al., 2010, 2009; Monson et al., 2016; Urben et al., 2015). 
 Accumulating literature converges on pervasively disrupted thalamocortical 
connectivity as a result of preterm birth. Both structural (Ball et al., 2016, 2015, 2013) and 
functional deficits (Doria et al., 2010a; Smyser et al., 2010; Toulmin et al., 2015) have been 
reported. Disturbances in structural connectivity were revealed to be most widespread, 
involving thalamocortical connections distributed across frontal, temporal, occipital and 
 parietal lobes (Ball et al., 2016, 2013). Complementing these findings, reduced structural 
connectivity between the thalamus and extensive cortical regions as measured at term 
equivalent age was found to be related to poorer cognitive performance at age two years in 57 
preterm born children (Ball et al., 2015). The neurobehavioral link as observed in the latter 
study, has stressed the profoundly disruptive effects of preterm birth on brain wiring for the 
first time.  
 Two studies have charted the development of resting state networks in the preterm 
brain evaluating 74 (Doria et al., 2010a) and 100 datasets respectively (Smyser et al., 2010). 
Consistent with findings in typically developing infants, primary functional networks 
appeared first, followed by precursors of higher order networks. A number of developmental 
algorithms that seemed to dictate resting state network genesis could be identified. These 
rules included medial to lateral expansion of interhemispheric functional connectivity, 
strengthening of interhemispheric connectivity before anteroposterior intrahemispheric 
connectivity, increasing within-network coherence and progression from diffuse, yet spatially 
proximate connectivity patterns to focused local connectivity with emerging connections to 
spatially distant regions.  
 Facsimiles of these developmental patterns were observed in a recent EEG study. EEG 
recordings were obtained in 20 preterm infants between 30 and 44 weeks postmenstrual age 
and revealed strong increases in interhemispheric synchrony and less pronounced increases in 
intrahemispheric connectivity. In addition, anterior brain regions showed stronger synchrony 
compared with posterior brain regions and most subjects displayed higher correlations within 
the left hemisphere than the right, suggesting an anteroposterior maturation gradient and early 
left lateralization (Koolen et al., 2016).  
 Differences between preterm infants and healthy full-term neonates were also noted in 
numerous reports and were predominantly confined to the strength of connections. Preterm 
 infants exhibited reduced interhemispheric connectivity (Smyser et al., 2013, 2010) and 
impaired lateralization of language areas (Kwon et al., 2015). Resting state networks as 
observed in typically developing neonates were present in preterm infants scanned at term 
equivalent age, yet displayed reductions in connectivity strength of primarily higher order 
networks (Doria et al., 2010b; Smyser et al., 2016). Similarly, on a whole brain level hallmark 
network attributes including small world organization, modularity and rich club architecture 
were found to be preserved while differences were revealed in the quality of connections 
(Scheinost et al., 2015). A recent functional connectome study observed reductions in 
clustering and rich club connectivity in 12 preterm infants at term equivalent age compared 
with 25 full-term controls (Scheinost et al., 2015). Conversely, in a DWI study of structural 
whole-brain connectivity (46 preterm infants and 17 healthy term controls), prematurity was 
associated with relatively intact rich-club organization but altered cortical-subcortical 
connectivity and short-distance connections outside the core network (Ball et al., 2014). 
Contrasting findings may be the result of methodological, clinical and technical differences.  
 Finally, the impact of white matter injury resulting from extensive intraventricular 
hemorrhage - a typical pattern of preterm brain injury (Papile et al., 1978) - on functional 
connectivity was investigated in two reports that employed rs-fMRI and EEG (Omidvarnia et 
al., 2015; Smyser et al., 2013). Both inter- and intrahemispheric functional connectivity were 
diminished. Evidence from the EEG study suggests widespread reductions in functional 
connectivity in the presence of white matter injury as well as disruptions of the bimodal 
connectivity pattern. The latter constitutes a distinct feature of healthy early brain 
development (Omidvarnia et al., 2015).  
 
Collectively, these findings consolidate previous research on the impact of preterm birth on 
early brain development and add substantially to our understanding of its neural 
 underpinnings. Adverse effects of prematurity have been revealed to predominantly target 
thalamocortical connectivity, with major implications for long-term cognitive functioning and 
behavior. Given the developmental processes of thalamocortical axonal pathfinding that peak 
during the period of (extremely) preterm birth, these widespread disruptions and their ongoing 
adversity are intuitive (Volpe, 2009). In parallel, reductions in interhemispheric and long-
range intrahemispheric connectivity strength have repeatedly been reported, indicating 
comparable impact on the functionality of commissural and association fibers. On a global 
level these disturbances seem to affect communication capacity, while the overall layout of 
resting state networks and functional whole-brain network architecture appears to remain 
intact.  
 
Methodological considerations 
There are a number of technical concerns that need to be taken into consideration when 
interpreting rs-fMRI and DWI data. Important topics include false positives, false negatives, 
test-retest reliability and acquisition protocols (de Reus and van den Heuvel, 2013; Eklund et 
al., 2016; Glasser et al., 2016; Zuo and Xing, 2014). However, an in-depth discussion of these 
methodological considerations falls beyond the scope of this review. Here, we will highlight 
some of the key methodological concerns that specifically apply to fetal and neonatal 
neuroimaging, particularly focusing on issues regarding rs-fMRI.  
 Head motion is of particular concern in fetal and neonatal neuroimaging. Most infants 
are scanned during natural sleep or after administering mild sedation (25-60 mg/kg oral 
chloral hydrate) (Doria et al., 2010a; Toulmin et al., 2015; van den Heuvel et al., 2014) and 
although appropriate measures are generally taken to reduce motion artifacts including 
feeding and swaddling (where infants are scanned during natural sleep), wrapping the infant 
in a vacuum fixation pillow and applying hearing protection devices to reduce exposure to 
 acoustic noise, even subtle head movement remains a significant problem. Furthermore, the 
use of sedative medication - if administered - is generally confined to infants scanned in a 
clinical setting and may thus introduce a bias in terms of the effect of motion, as well as 
differences in physiological parameters and sleep state/level of consciousness between health 
and disease states. Preventing motion is even more challenging in fetal imaging, where large 
displacements of the fetal head are not uncommon and maternal respiration and potential 
movement present additional challenges (Ferrazzi et al., 2014).  
 Head motion introduces spurious, yet systematic noise into rs-fMRI data, reducing 
long-range connectivity between distant brain regions (primarily along anterior-posterior and 
vertical axes) and increasing the strength of functional correlations between nearby voxels in 
the brain (predominantly left-right connectivity) (Power et al., 2012; van Dijk et al., 2012). 
Worryingly, these structured motion artifacts coincide with reported developmental effects: 
young children display a segregated communication framework, with strong connections 
between approximating brain regions and relatively limited long-range connectivity. Over the 
course of development, the brain modulates its layout and enhances long-range connections 
while diminishing local connectivity (Collin and van den Heuvel, 2013; Power et al., 2010). 
Hence, efforts to disentangle developmental effects from noise are vitally important in any rs-
fMRI preprocessing pipeline. Evaluating motion (e.g. using frame-wise displacement or 
DVARS (Derivative of Root-mean-square VARiance over voxelS) and incorporating 
strategies to account for motion artifacts that go beyond rigid body realignment and 
regression of motion parameters are required (Laumann et al., 2016; Power et al., 2015; 
Satterthwaite et al., 2013). Data censoring or scrubbing, i.e. removal of motion-contaminated 
data, which has been proposed by a number of research groups, may be particularly appealing 
for fetal and infant imaging and has been applied to most present-day rs-fMRI datasets (i.e. 
publications from ~ 2013 and beyond). However, concerns have also been raised about 
 temporal concatenation of non-consecutive time-points and how such approaches may affect 
the data as well as about how excessive data removal may impact correlations between time-
series (Gao et al., 2016; Power et al., 2015). Analysis strategies designed specifically to 
accommodate fetal movement by addressing motion on a slice-by-slice timescale and 
correcting for signal variations due to changes in the position of the fetal head with respect to 
the receiver coil are now available and enable most (potentially all) of the acquired rs-fMRI 
data to be retained (Ferrazzi et al., 2014). 
 Another relevant aspect that limits correlations between studies of early development 
is the use of different atlases for rs-fMRI data registration. Some studies employ adult 
templates (Alcauter et al., 2015a, 2014, Gao et al., 2011, 2009, Salzwedel et al., 2016, 2015) 
whereas others adopt group-level clustering to design a population-specific template based on 
similarity between voxels (Scheinost et al., 2015; Thomason et al., 2014, 2013) or make use 
of available neonatal atlases (e.g. (Oishi et al., 2012)). Manual region of interest (ROI) 
placement is also performed in a number of resting-state network studies (Doria et al., 2010a; 
Smyser et al., 2010; Thomason et al., 2015). Altogether, optimization and standardization of 
the preprocessing pipeline and acquisition protocols are essential to allow for reliable 
comparisons across study populations and enable multi-center studies to be conducted. Such 
efforts will form the groundwork to further our understanding of early healthy and aberrant 
functional brain network development. 
 
Future perspectives and conclusion 
In recent years, neuroimaging research has shown that the overall framework of functional 
brain architecture, including functional networks and whole-brain functional connectome 
organization emerges in synchrony with the ontogeny of structural brain wiring during the 
mid through late fetal period. In the neonatal period both systems encompass the blueprint of 
 their adult analogues, albeit in an immature state. Postnatal trajectories of functional brain 
network development appear more comprehensive than maturational courses of structural 
brain wiring. While structural refinements revolve around improvement of communication 
efficiency and connection strength, functional brain architecture transforms its spatial 
arrangement. Functional brain hubs shift from essentially primary order brain regions to 
higher-order association areas during postnatal development. Accordingly, functional resting 
state networks mature according to principles of increasing complexity. Networks involved in 
primary functions are largely complete in the neonatal brain, while higher order networks 
display a fragmented layout in the early postnatal period and continue to mature during the 
postnatal phase, with networks involved in the most intricate cognitive processes being the 
last to mature. A comprehensive understanding of the trajectories of typical early brain wiring 
is fundamental to the study of disrupted connectivity, and although crucial steps have been 
taken, further work is required. Additional studies of longitudinal design would be of 
particular relevance, as well as research linking functional brain network organization to 
cognitive and behavioral functions that are attained later in development. Such studies may 
help identify relevant imaging biomarkers. 
 
Functional connectivity studies have begun to elucidate the impact of early developmental 
adversity. Preterm birth disrupts thalamocortical connectivity. Reductions in inter- and 
intrahemispheric connectivity have also been revealed. These widespread perturbations impair 
the brain's overall communication efficiency. Intrauterine exposure to psychoactive drugs 
seems to exert more targeted attacks, firstly confined to specific receptor-regions and 
secondly leading to accelerated engagement of the amygdala-prefrontal circuit. Whether 
maternal psychopathology intrinsically affects early brain wiring remains elusive and 
warrants further study.  
  There is an urgent need for studies investigating gene-environment interactions in 
relation to early brain development in both health and high-risk or disease states. Important 
first steps have recently been taken, cross-correlating common genetic variation analysis with 
DWI findings in preterm neonates (Boardman et al., 2014; Krishnan et al., 2016). These 
studies illustrated genes mostly involved in lipid pathways to be related to the degree of 
maturation of distributed white matter tracts at term equivalent age. 
  
Functional connectivity research is on the verge of elucidating developmental trajectories of 
healthy early human brain organization as well as of portraying departures from these typical 
trajectories that may pervasively affect brain functioning. Ongoing multidisciplinary and 
multimodal efforts are needed to unravel the inception of complex brain wiring and to help 
identify windows of opportunity for future interventions for those who experience serious 
developmental risk during the earliest phases in life. 
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Box 1 Neural network formation in the developing human brain can be studied at different 
levels. On the microscale, pioneering work has been done to delineate neural circuit 
establishment in the cortex, subplate, thalamus and cerebellum (Innocenti and Price, 2005; 
Kostovic et al., 2014; Rakic and Sidman, 1970). On a macroscopic level, an increasing 
literature converges upon the principles of whole-brain network development: the 
connectome. Structural brain wiring can be investigated using diffusion weighted imaging 
techniques. Connections reflect white matter pathways consisting of axonal fiber bundles and 
supporting glia cells (astrocytes, oligodendrocytes, microglia). Similarly, brain regions are 
considered functionally connected when their activation signals (e.g. blood oxygen-level 
dependent 'BOLD' signal or electroencephalography trace) follow a similar pattern over time 
and are temporally correlated. When these structural and functional connections are charted 
for all brain regions, such reconstructions result in a connectome map. Next, the topological 
features of the brain's connectivity matrix (connectome map) can be examined (see (Rubinov 
and Sporns, 2010) for a comprehensive review of network measures). Here we will discuss a 
number of key attributes of the human connectome that have been studied in the early 
developing brain. Complementary illustrations are provided in the toy network below.  
 
Similar to the adult connectome, the neonatal brain has repeatedly been found to display short 
characteristic path length, which is computed as the average number of edges that need to be 
 traversed to travel between nodes of the network (panel A). Concomitantly, newborn infants 
exhibit a high level of clustering. Clustering reflects the tendency of the neighbors of a node 
to form connections, resulting in triangles of interconnected nodes (panel B). Together, short 
characteristic path length and high clustering compose 'small worldness', a hallmark of human 
brain organization that is already present during the earliest phases of brain development, as 
soon as paramount connections have come into place. Modularity (panel C) measures the 
number of subnetworks ('modules') that the connectome encompasses. Functional modules 
identified during early development are spatially proximate, involving primary order brain 
regions. In the neonatal brain, clustering and modularity as metrics of segregation prevail, 
while levels of integration are relatively limited. Another important feature of the infant brain 
network is a rich club organization (panel D), meaning that its highest degree nodes (i.e. hub 
nodes (panel E)) are more strongly connected to each other than one would expect based on 
chance alone, in accordance with adult brain organization. The rich club coefficient is 
computed based on comparison against the organization of random networks. The overall 
spatial layout of structural hub nodes in the neonatal connectome shows substantial overlap 
with the adult human brain, while the configuration of functional hubs is still immature. 
Functional brain hubs are essentially confined to primary brain regions (e.g. sensorimotor and 
primary visual cortex). Hence, postnatal trajectories of functional brain wiring are more 
profound than maturational courses of structural brain network development. Structural 
refinements revolve around improvement of communication efficiency and connection 
strength, resulting in shorter characteristic path length, decreasing radial and axial diffusivity 
and increasing fractional anisotropy. During postnatal development, functional brain 
architecture transforms its spatial arrangement with brain hubs shifting from predominantly 
primary order brain regions to higher-order association areas. 
 
 Figure 1 - Gantt chart of developmental processes and corresponding neuroimaging and 
electroencephalography findings from the embryonic phase until age one year. 
Schematic overview based on findings by (Alcauter et al., 2014; Bystron et al., 2008; Gao et 
al., 2011; Innocenti and Price, 2005; Kostovic et al., 2014; Kostovic and Rakic, 1980; 
Kostovic and Vasung, 2009; Shankle et al., 1999; Stiles and Jernigan, 2010; Thomason et al., 
2013, 2015; Vanhatalo and Kaila, 2006; Vasung et al., 2010). Upper panel indicates 
developmental processes and lower panel portrays corresponding neuroimaging and 
electroencephalography findings. Intensity of color bars illustrates the course of 
developmental trajectories. Asterisks indicate that earlier prenatal imaging data are not 
available. Therefore, exact timing of emergence is as yet unclear. Axonal elimination 
(pinkish-red bar) is a predominantly postnatal process, yet axons in the subplate begin to 
diminish from 32-34 PCW. DWI = diffusion weighted imaging, EEG = 
electroencephalography, FA = fractional anisotropy, fMRI = resting state functional MRI, 
PCW = postconceptional weeks, SATs = spontaneous activity transients.  
 
Figure 2 - Graphic representation of developmental trajectories of major white matter 
pathways. Panel A. Projection fibers have been traced from 8-10 postconceptional weeks 
(PCW) and include the corticospinal tract that expands from the internal capsule. 
Thalamocortical projection fibers reach their destination in the developing cortex between 24-
32 PCW. Panel B. Commissural fibers of the corpus callosum are detectable from 11-13 PCW 
and reach the cortex in the late second to early third trimester (26-32 PCW), closely following 
the developmental trajectory of thalamocortical projection fibers. Panel C. Association fibers 
appear at different stages. The initial formation of the inferior fronto-occipital peduncle and 
inferior longitudinal fasciculus occurs at around 17-19 PCW. Long-range association fibers 
do not undergo significant development until the third trimester of pregnancy (33-35 PCW), 
 although the superior longitudinal fasciculus is not yet prominent at birth. Schematic 
overview based on findings by (Huang et al., 2009; Kostovic and Jovanov-Milosevic, 2006; 
Takahashi et al., 2012; Vasung et al., 2010). 
 
Figure 3 - Resting state networks in the neonatal brain. Resting state networks as detected 
in the neonatal brain employing probabilistic independent component analysis on resting-state 
functional MRI data. Color bar indicates Z-statistic of functional connectivity strength. 
Adapted from Doria et al. PNAS 2010 (Doria et al., 2010a), with permission. 
 
Figure 4 - Schematic illustration of default mode network development. Development of 
the default mode network in the prenatal period (top row) and the first postnatal year (bottom 
row) as revealed by resting state fMRI studies. Illustration based on (Doria et al., 2010a; Gao 
et al., 2014a; Smyser et al., 2010; Thomason et al., 2015). Please note that preprocessing and 
region of interest (ROI) selection differed between studies (see section on Methodological 
considerations). The fetal imaging study by (Thomason et al., 2015) adopted the ROIs 
provided in (Smyser et al., 2010). (Doria et al., 2010a) also performed manual ROI placement 
and (Gao et al., 2014a) employed adult BrainMap data to define seed-regions (Smith et al., 
2009). PCW = postconceptional weeks.  
 
Highlights 
· Interhemispheric functional coupling has been noted in the fetal brain from 24 PCW 
· The overall framework of mature brain wiring is established by the time of birth 
· Development of functional architecture follows a primary-to-higher order sequence 
· Prematurity disrupts long-range connectivity of primarily thalamocortical pathways 
· Prenatal substance exposure affects receptor regions and amygdala-frontal circuits 
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